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Abstract 
The aim of the present work is the investigation of the effect of wet milling on the 
adsorption capacity of a Greek natural zeolite to remove heavy metal ions from so-
lutions. The ultimate objective is to explore the potential of producing and using fi-
ne-grained zeolite in industrial and environmental applications. For this, a rich in 
clinoptilolite natural zeolite, was subjected to wet milling and 3 fractions were ob-
tained (<10 μm, 10-63 μm, and 63-200 µm). The mineralogy of each fraction was 
determined through powder XRD and XRF analyses, while their particle size distri-
bution and specific surface area were determined using the Laser Beam Diffraction 
Technique and the BET method respectively. The adsorption of Cu2+, Ni2+, Mn2+ and 
Cd2+ ions by each zeolite fraction was investigated using different initial metal ion 
concentrations (10 and 100 mg/L) and contact times (up to 72 h). The concentration 
of the adsorbent was kept constant (5 g/L), whereas no pH adjustment took place.  
The experimental results proved that wet grinding can result in the production of 
very fine natural zeolite (d50= 4.37 μm) without any loss of crystallinity and that this 
fraction exhibits substantial metal ion adsorption capacity. Adsorption is best de-
scribed by the Freundlich isotherm.  
Key words: zeolite, wet milling, adsorption, heavy metals, isotherms 
Περίληψη 
Ο στόχος της παρούσης εργασίας είναι η διερεύνηση της επίδρασης της λειοτρίβισης 
στην προσροφητική ικανότητα ενός ελληνικού φυσικού ζεόλιθου ως προς την απομά-
κρυνση ιόντων βαρέων μετάλλων από υδατικά διαλύματα. Ο απώτερος στόχος είναι 
να μελετηθεί η δυνατότητα παραγωγής και χρήσης υπέρλεπτου ζεόλιθου σε βιομηχανι-
κές και περιβαλλοντικές εφαρμογές. Για τον σκοπό αυτό, φυσικός ζεόλιθος πλούσιος 
σε κλινοπτιλόλιθο υποβλήθηκε σε υγρή λειοτρίβιση σε ραβδόμυλο ώστε να προκύψουν 
τρία κοκκομετρικά κλάσματα (<10 μm, 10-63 μm, and 63-200 µm). Η ορυκτολογία 
των κλασμάτων προσδιορίστηκε με την μέθοδο της Περιθλασιμετρίας Ακτίνων-Χ 
(XRD) και της Φασματοσκοπίας Φθορισμού Ακτίνων-Χ (XRF), ενώ η κατανομή του 
μεγέθους των κόκκων και η ειδική τους επιφάνεια με την τεχνική της Περίθλασης Α-
κτίνας Laser και την μέθοδο BET αντίστοιχα. Η προσρόφηση των ιόντων Cu2+, Ni2+, 
Mn2+ και Cd2+ από κάθε κοκκομετρικό κλάσμα ζεολίθου μελετήθηκε χρησιμοποιώ-
ντας διαφορετικές αρχικές συγκεντρώσεις ιόντων (10 και 100 mg/L) και χρόνους πα-
ραμονής (έως 72 ώρες). Η συγκέντρωση του ροφητή διατηρήθηκε σταθερή (5 g/L), 
ενώ δεν έλαβε χώρα ρύθμιση του pH. Τα πειραματικά αποτελέσματα απέδειξαν ότι με 
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υγρή λειοτρίβιση μπορεί να παραχθεί εξαιρετικά λεπτομερής ζεόλιθος (d50= 4.37 μm) 
χωρίς απώλεια κρυσταλλικότητας και ότι αυτό το κλάσμα παρουσιάζει εξαιρετική ικα-
νότητα προσρόφησης ιόντων βαρέων μετάλλων. Η διεργασία της προσρόφησης περι-
γράφεται πολύ καλά από την ισόθερμη Freundlich.  
Λέξεις κλειδιά: ζεόλιθος, υγρή λειοτρίβιση, προσρόφηση, βαρέα μέταλλα, ισόθερμες 
1. Introduction  
The introduction of heavy metals to natural ecosystems has been related to many diverse human 
activities and is of great concern, due to the fact that these contaminants, unlike organics, are 
persistent in soils and non degradable, whereas if they are mobilized and released to water 
reservoirs may become bioavailable and threaten living organisms (Shi et al., 2009). Among 
several processes, such as ion-exchange, filtration, electrolytic or liquid extraction, chemical 
precipitation, reverse osmosis and membrane techniques (Pentari et al., 2009), adsorption can offer 
an easy, low-cost and effective alternative to water, wastewater and industrial effluent treatment 
(Wang & Peng, 2010).  
Natural zeolites are hydrated alumino-silicate minerals of a porous structure with good mechanical 
and thermal characteristics and beneficial physicochemical properties, like high cation exchange 
capacity, and potential to act as molecular sieve and catalyst (Misaelides, 2011). Their usage does 
not introduce additional contamination in the environment, so they can find numerous 
environmental and industrial applications, including uptake of heavy metals from acid mine 
drainage, purification of waters and industrial-urban wastewaters, management of nuclear wastes, 
soil remediation, drying of acid-gases, production of pozzolanic cement and lightweight 
aggregates, zeoponic substrates for greenhouses, deodorization products and dietary supplements 
for animals (Mumpton, 1999; Kulasekaran and Dendi Damodar, 2011). Natural zeolitic tuffs have 
been found in many countries while their world mine production in 2010 has been estimated at 
2.75 million tons (USGS, 2011).  
The adsorption capacity of natural and modified zeolites has been studied extensively (Panayotova 
& Velikov, 2002; Caputo & Pepe, 2007; Castaldi et al., 2008; Ghair and Ingwersen, 2009; Motsi et 
al., 2011). The effect of milling on the improvement of the adsorption capacity of zeolites has been 
also studied by several researchers (Akçay et al., 2004; Ozkan et al., 2009; Charkhi et al., 2010). 
Today, researchers mainly investigate the capacity of modified or non modified nano-zeolites for 
the adsorption of organic contaminants (Seifi et al., 2011; Hassani Nejad-Darzi et al., 2012). 
Future research activities will definitely focus on the adsorption capacity of modified nano-zeolites 
and the decontamination of industrial solutions and soils as well as on the potential hazardous 
impacts of zeolite nano-particles on humans and ecosystems. 
The aim of the present study is the investigation of the effect of wet milling on the crystallinity and 
the adsorption capacity of a Greek natural zeolite used for the removal of heavy metal ions, 
namely Cu2+, Ni2+, Mn2+ and Cd2+, present in solutions in various concentrations. The ultimate 
objective is to explore the potential of using extremely fine or nano-zeolite in environmental and 
industrial applications.  
2. Materials and Methods 
2.1. Zeolite Treatment 
The zeolite used in the present study originates from a natural clinoptilolite-rich deposit from the 
area of Petrota (Evros Prefecture, North Greece) (Filippidis et al., 2009) and its initial particle size 
distribution ranged between 0.3-0.8 cm. Zeolite was subjected to wet rod milling for 20 min at 47 
rpm using a Sepor's 5΄΄ Series Batch Rod Mill Drive. Under the optimum conditions, the mill was 
loaded with 9 kg of hardened steel rods of 23 cm length and varying diameter (1.3-1.9 cm), 1 L 
water and 1 kg zeolite. The finely ground zeolite was then split in three fractions (<10 μm, 10-63 
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μm, 63-200 μm) using a Richard Mozley Ltd hydro-cyclone. Finally, all fractions were dried at 
100 oC for 24 h and then stored in plastic bags until further analysis and use.  
2.2. Characterization Studies 
The chemical analysis of all three fractions was performed through X-Ray Fluorescence, using an 
Energy Dispersive Spectrometer S2 RANGER Bruker apparatus. Additionally, the mineralogy of 
the fractions was determined through Powder X-Ray Diffraction, using a XRD D8 Advance 
Bruker apparatus. The data were obtained at 35 kV and 35 mA, with a graphite monochromator, 
using CuKα radiation. The qualitative evaluation of the data was carried out with the software 
Diffrac Plus EVA, while the Autoquan software (based on the Rietveld method) was used for 
quantitative analysis. 
The specific surface area of the fractions was determined using the Quantachrome Instruments 
Nova 2200 apparatus, according to the Brunauer, Emmett and Teller (B.E.T.) theory, while their 
particle size distribution through Laser Beam Diffraction, using a Mastersizer S Ver. 2.14 
apparatus of MALVERN Instruments.  
2.3. Experimental Methodology 
Sorption experiments were carried out using solutions containing analytical grade nitrate salts of 
the corresponding metals: Cu(NO3)2·3H2O, Ni(NO3)2·6H2O, Mn(NO3)2∙4H2O and Cd(NO3)2·4H2O 
(puriss p.a. quality, FLUKA). Batch experiments were performed at room temperature under 
continuous agitation. 0.5 g of air dried zeolite was added in 100 mL of metal solution in 200 mL 
glass beakers. Mono-component kinetic experiments were carried out for each metal ion and 
zeolite fraction, using two initial metal ion concentrations, namely 10 mg/L and 100 mg/L. Liquid 
samples were withdrawn at different periods (5 min, 15 min, 30 min, 2 h, 6 h, 18 h, 24 h, 48 h and 
72 h) and filtered to determine the residual metal ion concentration with Flame Atomic Absorption 
Spectroscopy, using an Analyst 100 of Perkin Elmer spectrometer. pH was monitored throughout 
the experiments using a WTW InolabLevel1 pH meter; no pH adjustment took place.  
Sorption isotherms were derived only for the finest zeolite fraction (<10 μm), which was proved to 
be the best adsorbent, by varying the initial concentration of each metal ion from 10 to 100 mg/L 
(10, 30, 50, 80 and 100 mg/L); the concentration of the adsorbent was kept constant at 5 g/L. The 
other conditions were kept similar to those used in kinetic studies and the retention period to reach 
equilibrium was maintained at 48 h. In all tests, reagent blanks and randomly selected duplicate 
samples were considered for quality control/assurance and precision purposes. 
3. Results and Discussion 
3.1. Zeolite Characteristics 
The mineralogical phases, the content in oxides, the particle size distribution and the specific 
surface area of each zeolite fraction are presented in Table 1 and Figure 1. As shown, the main 
mineralogical phases in all fractions are cliniptilolite, smectite, cristobalite, quartz and other 
alumino-silicates (oligoclase, illite). XRD patterns also show that the crystallinity of the fine 
grained zeolite is not affected by wet milling. The finer fractions are enriched in clinoptilolite and 
smectite whereas the content of cristobalite, quartz and oligoclase decreases to a higher or lesser 
extent. The <10 μm fraction contains extremely fine particles (d50=4.37 μm, d10=1.06 μm) with a 
significant specific surface area (18.30 m2/g), 65% larger than that of the 63-200 μm fraction.  
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Table 1 – Characterisation of each zeolite fraction.  
 < 10 μm 10 – 63 μm 63 – 200 μm 
Mineralogical phases (%) 
Clinoptilolite 
Cristobalite 
Illite 
Oligoclase 
Quartz 
Smectite 
 
74.91 
4.35 
1.85 
2.78 
4.73 
11.37 
 
75.38 
5.60 
0.51 
2.20 
6.72 
9.59 
 
66.61 
6.98 
1.05 
7.95 
9.58 
7.83 
Oxides (%) 
Na2O 
MgO 
K2O 
CaO 
TiO2 
MnO 
Fe2O3 
Al2O3 
SiO2 
P2O5 
L.O.I. 
 
1.31 
1.51 
2.97 
2.43 
0.08 
0.03 
1.56 
13.58 
72.00 
0.00 
9.41 
 
1.33 
1.30 
3.22 
2.39 
0.11 
0.03 
1.08 
12.61 
74.81 
0.00 
8.71 
 
1.17 
1.08 
3.20 
2.14 
0.08 
0.02 
0.84 
11.82 
74.2 
0.00 
7.42 
Particle Size Distribution (μm) 
d10 
d50 
d90 
 
1.06 
4.37 
9.81 
 
9.05 
32.66 
62.61 
 
9.98 
92.69 
176.91 
Specific Surface Area (m2/g) 18.30 11.86 11.08 
 
3.2. Adsorption Capacity of Zeolite 
3.2.1. Kinetics 
The effect of retention time on the adsorption of each metal ion by each zeolite fraction is illustrat-
ed in Figure 2. In all cases the equilibrium was reached very quickly, in less than 24 h. The exper-
imental results show that the finest fraction (-10 μm) exhibited the best adsorption capacity for all 
metal ions regardless of the initial concentration of 10 mg/L or 100 mg/L. Metal ion removal for 
all elements varied between 90-96% when the initial concentration was 10 mg/L; the removal per-
centage decreased to 67-90% when a coarser zeolite fraction (63-200 μm) was used. When the 
initial metal ion concentration increased to 100 mg/L, which is indeed high for most industrial ef-
fluents, the adsorption capacity of zeolite decreased substantially. In this case, the removal effi-
ciency of the -10 μm fraction varied between 26 and 47%. As mentioned before no pH adjustment 
was done since this was not considered necessary; pH in all tests varied between 5.5 and 6.5. 
Among the metal ions tested, zeolite exhibited its highest adsorption capacity for copper and cad-
mium and its lowest for nickel (Fig. 2-a,c,e for initial concentration of 10 mg/L and Fig. 2-b,d,f for 
initial concentration of 100 mg/L).  
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Adsorption rates for all heavy metals were much higher in the beginning of the tests but soon 
reached an asymptotic plateau, where the increase of retention time did not seem to be beneficial. 
Table 2 shows the calculated adsorption rates for all heavy metal ions when the finest zeolite frac-
tion was used. The retention time required to reach equilibrium was 30 min. It is observed that 
when the metal ion concentration was 10 mg/L adsorption rates were almost identical for Cu, Mn 
and Cd (3.9 mg/g/h) and slightly lower for Ni (3.5 mg/g/h). Adsorption rates differed significantly 
though when the high metal ion concentration was used (100 mg/L). In this case, the highest ad-
sorption rate was recorded for Cd (16.4 mg/g/h) and the lowest for Ni (9.6 mg/g/h). Thus, the ad-
sorption rate sequence in decreasing order was Cd>Cu>Mn>Ni and agreed with most previous 
studies (Erdem et al., 2004, Wang & Peng, 2010). 
The adsorption rate sequence is quite well related to the ionic radius of each heavy metal ion, 
which is for Cd: 0.95 Å, Mn: 0.83 Å, Cu: 0.73 Å, and Ni: 0.69 Å. It is shown that the higher the 
ionic radius the lower, in absolute values, the hydration enthalpy for all metal ions studied (Table 
3). The enthalpy of hydration, Hhyd, in kJ/mole, of an ion is the amount of energy released when a 
mole of the ion dissolves in a large volume of water forming thus an infinite dilute solution. Ac-
cording the Eisenman-Sherry theory of cation exchange selectivity (Eisenman, 1962, Sherry, 
1969), zeolites exhibit a greater preference for larger cations, like Cd2+, with greater ionic radius 
and lower, in absolute values, hydration enthalpy (Panayotova & Velikov, 2002, Caputo & Pepe, 
2007). 
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Figure 1 – XRD diffractograms of all zeolite fractions. 
Table 2 - Adsorption rates (in mg metal ion/g zeolite/h) for each metal ion.  
Zeolite fraction -10 μm, retention time 30 min. 
Initial metal ion 
concentration 
Cu Ni Mn Cd 
10 mg/L 3.98 3.54 3.94 3.94 
100 mg/L 13.70 9.60 10.40 16.40 
black line (top):        -10μm 
blue line (middle):  10-63μm 
red line (bottom):  63-200μm 
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Figure 2 – Adsorption kinetics for each metal ion by each zeolite fraction. Experimental con-
ditions: initial metal ion concentration 10 mg/L (a,c,e) and 100 mg/L (b,d,f), zeolite concen-
tration 5 g/L.  
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Table 3 – Ionic radii and hydration enthalpy of the metal ions studied (Marcus, 1994). 
 
Ionic radius 
(Ǻ) 
Hydration  
enthalpy 
(kJ/mole) 
Cd2+ 0.95 -1830 
Mn2+ 0.83 -1870 
Cu2+ 0.73 -2120 
Ni2+ 0.69 -2115 
 
3.2.2. Adsorption Isotherms 
The equilibrium data were analysed and tested against three different isotherm models, the Linear, 
the Freundlich and Langmuir respectively, in order to describe the adsorption of the four metal 
ions studied on the -10 μm zeolite fraction. The equations which were used for each model are:  
Equation 1 - Linear model 
ePe CKq    
Equation 2 - Freundlich model  
n
eFe CKq
1
  
Equation 3 - Langmuir model  
e
ee
Cb
Cb
q
q



1max
 
where  
qe (mg/g), is the quantity of metal ion adsorbed per unit mass of zeolite at equilibrium,  
Ce (mg/L), is the metal ion concentration at equilibrium,  
KP (L/g), coefficient related to the affinity between the adsorbent and the ion, 
KF (L/g), coefficient related to the adsorption capacity of the adsorbent 
1/n (dimensionless), indicates the intensity of adsorption in relation to the heterogeneity of the 
adsorbent 
b (L/mg), constant related to the adsorption intensity and  
qmax (mg/g), is the maximum adsorption capacity of the adsorbent.  
A non-linear regression analysis (Smyth, 2002) was carried out using the MATLAB R2012a 
software and the results are presented in Table 4.  
Adsorption isotherms derived for each metal ion using the -10 μm fraction (Figure 3) indicated 
that are considered of “L” type according to the classification of Giles et al. (1974). This means 
that the concentration of a compound adsorbed on the solid mass decreases when the solute 
concentration increases, thus suggesting a progressive saturation of the solid (Limousin et al., 
2007).  
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 Figure 3 – Adsorption isotherms for each metal ions studied. Experimental conditions: 
zeolite fraction -10 μm, zeolite concentration 5 g/L, metal ion concentration 10 to 100 mg/L. 
Table 4 – Model parameters for Cu, Ni, Mn and Cd adsorption by the -10 μm zeolite frac-
tion. 
Element 
Linear model Freundlich model Langmuir model 
KP 
(L/g) 
r2 
 
KF 
(L/g) 
n 
 
r2 
 
qmax 
(mg/g) 
b 
(L/mg) 
r2 
 
Cu 0.157 0.282 3.140 4.419 0.990 7.482 0.510 0.964 
Ni 0.085 0.075 2.222 5.030 0.968 4.964 0.513 0.987 
Mn 0.098 0.363 2.111 4.261 0.980 5.307 0.503 0.940 
Cd 0.230 0.334 3.260 3.466 0.968 10.450 0.218 0.986 
 
As shown in Table 4 and in Figure 4, the Freundlich model fits better the experimental data; this 
suggests that the isotherm does not reach any plateau and consequently the studied adsorbent does 
not show clearly a limited adsorption capacity.  
It is noted that the Langmuir isotherm describes adsorption of an ion in a single layer of an 
homogeneous surface of a solid particle without taking into account any interactions between the 
adsorbed ions or molecules. On the other hand, the Fruendlich isotherm considers an adsorbent 
with heterogeneous distribution of adsorption sites and takes into account potential interactions 
between the adsorbed ions/molecules.  
It has to be mentioned that the isotherms may differ in case of simultaneous multi-component 
adsorption experiments. This issue is currently under investigation.  
4. Conclusions 
The experimental results show that by controlled wet rod milling of natural zeolite a well 
crystalline -10 μm fraction (d50= 4.37 μm) is obtained. This fraction shows a very good adsorption 
capacity and can be used for the effective clean up of solutions containing up to 10 mg/L Cu2+, 
Ni2+, Mn2+ and Cd2+ ions. Adsorption is very well described by the Freundlich model.  
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 Figure 4 – Adsorption isotherms for (a) Cu, (b) Ni, (c) Mn and (d) Cd. Lines represent 
predicted data by Linear, Freundlich and Langmuir models while rhombus represent 
experimental data 
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